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ABSTRACT 


Aluminum,  magnesium  and  some  transition  metal  soft  X-ray  emission  bands  from  a  series 
of  aluminum  binary  alloys  and  other  aluminum  binary  compounds  were  investigated  using 
6KV  electron  excitation  and  a  flat  crystal  vacuum  spectrometer.  The  overall  shape  of  the 
valence  electron  emission  band  and  its  energy  position  as  a  function  of  alloy  composition  was 
determined.  It  appears  from  the  data  that  the  aluminum  K  band  undergoes  changes  in  shape 
and  energy  position  which  are  dependent  on  the  electronic  configuration  of  the  element  with 
which  the  aluminum  is  chemically  bonded.  In  the  Al-Mg  system  the  A1  K  band  is  not  signifi¬ 
cantly  changed  for  any  composition.  On  the  other  hand,  the  group  IB  metals  (Cu,  Ag  and  Au) 
cause  the  A1  K  band  to  split  into  two  components.  The  energy  separation  and  relative  in¬ 
tensities  of  these  split  components  are  directly  dependent  on  alloy  composition.  Such  band 
changes  are  interpreted  as  indicating  a  change  in  the  type  of  bonding  between  the  metal  atoms. 
In  the  Al-Ni  system,  for  instance,  th6  AIK  band  becomes  more  symmetrical  and  shifts  to 
lower  energy  as  the  nickel  content  is  increased,  indicating  that  probably  the  bonding  on  the 
aluminum  atoms  is  becoming  less  metallic  and  more  covalent-like  in  nature  as  the  nickel  to 
aluminum  ratio  is  increased.  If  the  same  atomic  ratio  of  aluminum  and  another  element  is 
formed  for  each  of  the  elements  in  a  given  period  of  the  periodic  table,  it  is  found  that  the 
aluminum  K  band  becomes  lower  in  energy  and  somewhat  more  symmetrical  in  shape  as  we  go 
from,  lower  to  higher  atomic  number  in  that  period.  Elements  of  the  same  sub-group  appear  to 
have  virtually  the  same  effect  on  the  aluminum  band  but  each  different  sub-group  apparently 
has  a  different  effect.  The  overall  trend  seems  to  indicate  that  the  more  electronegative  the 
second  component  is,  the  greater  effect  it  has  on  the  aluminum  spectrum. 

The  aluminum  Kc^/Kcig  satellite  line  intensity  ratio  also  varies  in  an  orderly  manner  in 

aluminum  binary  compounds.  In  general,  these  satellite  line  changes  go  hand-in-hand  with  the 
K  band  changes.  If  the  K  band  shifts  to  lower  energy,  the  Ko  ./Ka„  intensity  ratio  will  always 
increase  in  value. 

These  orderly  variations  can  be  used  not  only  to  elucidate  the  valence  band  structure  and 
the  nature  of  the  interatomic  bond,  but  for  analytical  purposes  as  well.  The  satellite  line 
intensity  ratio  and  the  shape  and  energy  position  of  the  emission  hand  will  identify  the  phase 
or  phases  present  in  a  binary  alloy  andean  also  determine  the  exact  composition  of  each  phase 
without  requiring  the  use  of  an  internal  standard. 
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SECTION  I 
INTRODUCTION 


Although  the  investigation  of  soft  X-ray  emission  band  spectra  of  metals  and  alloys  has  been 
the  subject  of  several  previous  investigations,  little  is  really  known  of  the  effect  of  alloying  on 
the  electronic  structure  of  metals.  Recent  publications  by  Appleton  (Reference  1)  and  Thompson 
and  Kellen  (Reference  2)  provide  a  review  of  most  of  the  work  done  to  date  and  the  problems  of 
interpreting  the  results.  The  reader,  however,  is  left  with  the  impression  that  little  change  is 
to  be  expected  in  the  metal  spectrum  as  a  result  of  alloying.  To  be  sure,  this  is  what  has  been 
observed  for  most  of  the  systems  reported  to  date  but  we  intend  to  show  that  there  are  also 
alloy  systems  in  which  both  the  band  and  line  spectra  undergo  rather  large  changes. 

An  emission  band  such  as  the  aluminum  K band,  is  produced  by  electron  transitions  from  the 
valence  band  to  vacancy  in  an  inner  level.  The  shape  of  the  band,  when  properly  corrected  for 
a  variety  of  possible  distortion  effects,  essentially  reflects  the  average  density  of  the  electron 
cloud  in  the  outermost  occupied  shell.  Since  the  valence  electrons  are  the  ones  most  affected 
by  chemical  combination,  the  X-ray  emission  band  should  reflect  vital  information  about  the 
chemical  bond.  It  is  found  that  the  character  of  the  atomic  interaction  in  compounds  and  alloys 
of  aluminum  has  a  substantial  effect  on  the  shape  and  position  of  the  K  emission  band.  Since  it 
is  the  electronic  structure  of  the  atoms  that  determines  interatomic  bonding  and  also  some  of 
the  physical  and  mechanical  properties  of  the  alloys,  the  X-ray  emission  band  spectrum  pre¬ 
sents  us  with  a  possible  method  of  characterizing  this  bonding  and  studying  those  properties 
which  are  dependent  upon  it. 

A  study  of  some  aluminum  binary  alloy  systems  was  chosen  as  the  initial  objective  for  a 
variety  of  reasons,  not  the  least  of  which  was  the  rather  large  changes  which  can  occur  in  the 
A1  K  spectrum  with  a  change  in  the  chemical  state.  In  addition,  aluminum  readily  forms  binary 
compounds  with  many  different  elements  which  can  behave  as  either  electron  donors  or  electron 
acceptors.  Also  the  Al  K  spectrum  is  in  a  wavelength  region  which  is  amenable  to  our  ex¬ 
perimental  set-up.  Fortunately  the  emission  bands  of  many  of  the  metals  with  which  aluminum 
is  alloyed  fall  in  roughly  the  same  wavelength  region  so  that  both  components  of  the  alloy  can 
be  studied  simultaneously.  Previously  we  have  shown  that  the  aluminum  K  spectrum,  especially 
the  K  band  and  the  Kag  and  the  Ka^  satellite  lines,  change  significantly  between  metal  and 

oxide  (Figures  1  and  2)  (References  3  and  4)  and  other  aluminum  compounds  (References  5  and 
6)  and  that  these  changes  can  be  grouped  according  to  bonding  type. 
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section  n 

EXPERIMENTAL  PROCEDURE 


INSTRUMENTATION 

The  flat  crystal  vacuum  spectrometer  used  for  this  study  has  been  described  previously 
(Reference  7).  Characteristic  soft  X-ray  emission  spectra  were  produced  by  electron  beam 
bombardment  of  the  target  material  at  6kV  and  from  1  to  6  ma,  depending  on  the  target  com¬ 
positions.  The  dispersing  crystals  used  depended  on  the  particular  emission  band  being 
investigated.  EDDT  (ethylene  diamine  d-tartrate,  2d=8.8030A)  was  used  for  Al  K;  ADP 
(ammonium  dihydrogen  phosphate,  2d=10.639A)  was  used  for  Mg  K;  Gypsum  (2d=15.207A)  was 
used  for  NiL;  Itaconic  Acid  (2d=18.498A)  was  used  for  FeL.  The  detector  was  a  flow  pro¬ 
portional  counter  using  an  argon-methane  (P-10)  flow  gas  at  reduced  pressure  (100  mm  Hg). 
An  anode  accommodating  four  specimens  was  used  so  that  spectra  could  be  obtained  under 

exactly  the  same  conditions.  Usual operatingpressure  was  10  Torr.  All  recording  electronics 
including  pulse-height  analyzer  were  standard  Picker  equipment  except  for  a  low-noise 
preamplifier  by  Tennelec.  The  resultant  ratemeter  scans  and  the  curves  shown  in  the  figures 
have  a  deviation  of  ±2  percent. 

SPECIMEN  PREPARATION 

Most  of  the  alloys  were  prepared  primarily  by  induction  melting  in  an  argon  atmosphere. 
Some  alloys  were  also  prepared  by  arc  melting  in  an  argon  atmosphere  and/or  by  levitation 
melting.  The  X-ray  diffraction  patterns  from  any  one  alloy  prepared  by  each  technique  proved 
to  be  identical.  Also  for  many  of  the  alloys,  at  compositions  where  stoichiometric  compounds 
were  formed,  very  fine  powders  were  pressed  into  pellets  and  sintered.  X-ray  diffraction 
patterns  were  made  for  each  alloy  to  check  for  the  phase  or  phases  present. 

The  specimens  were  usually  mounted  on  the  anode  in  the  form  of  thin  solid  pellets  or,  in 
the  case  of  the  brittle  alloys,  finely  powdered  and  spread  in  a  thin  layer  on  the  anode  surface. 
Four  specimens  were  mounted  at  one  time  and,  if  the  Al  K  spectrum  was  being  studied,  one 
of  the  specimens  was  the  pure  metal  which  was  used  as  calibration  standard.  All  of  the  band 
changes  in  the  alloys,  whether  itbeforAl,  Mg,  Ni,  Fe,  et  cetera,  were  measured  in  reference 
to  the  pure  metal  spectrum. 

CHOOSING  CRYSTALS 

The  choice  of  a  crystal  for  dispersing  an  emission  line  or  band  of  a  particular  wavelength  is 
an  important  aspect  to  consider  in  our  experimental  arrangement.  We  need  a  crystal  which  will 
provide  adequate  intensity  on  the  one  hand  and  the  desired  resolution  on  the  other.  Sometimes 
we  are  lucky  enough  to  find  a  crystal  which  possesses  both  these  qualities  to  a  large  extent  and 
sometimes  we  are  forced  to  make  a  compromise  between  the  two  or  even  abandon  tho  attempt 
altogether.  For  the  flat  crystal  optics  which  we  use,  the  dispersion  (or  apparent  resolution)  is 
directly  dependent  on  the  angle  at  which  the  radiation  is  diffracted.  The  larger  this  angle,  the 
better  we  are  able  to  res-i'.ve  two  closely  spaced  lines  and  the  better  we  are  able  to  detect 
small  energy  shifts  and  band  shape  changes.  In  general,  this  requires  that  the  line  or  band  be 
diffracted  at  an  angle  of  13O°20  or  larger.  This  means,  according  to  Bragg’s  Law,  nX  =  2d  sin®, 
that  we  need  a  crystal  whose  2d  spacing  is  only  slightly  larger  than  some  integral  multiple  of 
the  wavelength  of  the  line  or  band  being  investigated.  Obviously,  it  would  require  a  very  large 
selection  of  crystals  to  be  able  to  study  all  the  emission  bands  in  the  soft  X-ray  region  of 
interest  (~10  to  lOOA)  in  this  manner.  For  this  reason  there  are  many  emission  bands  which 
we  are  unable  to  study  with  the  required  resolution. 
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It  is  also  found  that  the  crystal  perfection  and  surface  preparation  play  a  large  role  in  both 
intensity  and  resolution  as  we  go  to  longer  and  longer  wavelengths.  For  the  aluminum  K 
spectrum,  for  example,  there  are  three  crystals  which  disperse  the  emission  lines  at 
approximately  the  same  20  angle.  These  crystals  are  EDDT  (ethylene  diamine  d-tartrate), 
PET  (pentaerythritol)  and  Quartz.  The  aluminum  Ka\  and  Ka^  satellite  lines  from  A1 

metal  and  AlgOg  as  dispersed  by  our  best  examples  of  each  crystal  are  shown  in  Figures  3 

and  4.  The  amount  of  resolution  afforded  by  each  of  the  crystals  is  best  observed  by  the 
amount  of  dip  in  the  valley  between  the  Ko^  and  Ka^  lines.  Recently  the  PET  crystal  was 

introduced  commercially  because  it  gives  2  to  3  times  the  intensity  of  EDDT  which  was 
previously  the  most  popular  crystal  for  this  wavelength  region.  This  increased  intensity 
provides  no  real  advantage  for  us,  however,  since  the  resolution  provided  by  PET  is  not  nearly 
as  good  as  that  of  EDDT  or  quartz  as  can  be  seen  in  Figures  3  and  4.  EDDT  and  quartz  provide 
about  the  same  resolution  but  EDDT  gives  much  better  intensity.  For  this  reason  the  aluminum 
K  lines  and  bands  as  shown  in  Figures  1  and  2  and  throughout  the  rest  of  the  report  were  ob¬ 
tained  using  an  EDDT  crystal.  The  AIK  band,  with  this  crystal,  falls  at  about  13O°20  and  the 
AlKcig  and  Ka^  are  at  about  14O°20.  For  these  same  reasons  ADP  was  used  for  the  magnesium 

K  spectrum,  gypsum  for  the  nickel  L  spectrum  and  itaconic  acid  for  the  iron  L  spectrum.  As  of 
yet,  however,  we  have  not  been  able  to  find  a  crystal  of  the  correct  2d  spacing  for  dispersing 
the  CuL-jj  band  with  high  resolution  for  flat  crystal  optics. 

SPECTRAL  FEATURE  MEASUREMENTS 

Several  types  of  band-shape  measurements  were  made  on  each  of  the  emission  bands  to  aid 
in  determining  how  the  bands  changed  upon  alloying.  To  avoid  any  confusion  as  to  how  these 
measurements  were  obtained,  the  following  explanations  are  presented: 

1.  Half-Band  Width;  the  full  width  of  the  band  at  one-half  the  maximum  peak  intensity 
above  background. 

2.  Full-Band  Width;  the  width  at  the  base  of  the  band  from  the  beginning  of  the  emission 
edge  to  the  point  where  the  low  energy  tail  decreases  to  5  percent  of  the  maximum 
intensity  above  background.  Using  this  rather  arbitrary  point  on  the  low  energy  tail 
permits  a  more  accurate  comparison  of  band-width  changes  among  the  alloys  since  the 
tailing  is  rather  extended  and  the  limit  difficult  to  pinpoint. 

3.  Edge  Width;  measured  at  the  5  percent  and  95  percent  points  of  the  edge  intensity. 

4.  Asymmetry  Index;  the  ratio  of  the  part  of  the  full  width  at  half  maximum  intensity  lying 
to  the  long  wavelength  side  of  the  maximum  ordinate  to  the  part  on  the  short  wavelength 
side. 

5.  Asymmetry  Coefficient;  the  ratio  of  the  low  energy  band  slope  at  5  percent  and  95  per¬ 
cent  of  maximum  intensity  to  the  high  energy  edge  width  at  the  5  percent  and  95  percent 
points.  This  asymmetry  factor  gives  a  little  better  indication  of  the  complete  band  shape 
than  does  the  asymmetry  index.  For  the  Al  K  band  from  pure  A1  metal,  for  instance,  the 
asymmetry  coefficient  is  measured  as  3. 7  which  indicates  that  the  low  energy  side  of  the 
band  is  about  four  times  as  broad  as  the  high  energy  side. 

All  of  the  values  for  these  terms  which  are  listed  throughout  the  report  for  the  different 
emission  bands  are  in  no  way  corrected  for  instrumental,  temperature,  or  other  broadening 
effects.  They  are  simply  the  values  measured  for  the  as-recorded  spectra  and  are,  therefore, 
only  relative  values  to  be  used  in  comparing  band  shapes.  All  of  the  bands  are  the  result  of 
two  or  more  individual  runs. 
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SECTION  m 
RESULTS 


THE  ALUMINUM-MAGNESIUM  SYSTEM 

General  Discussion 

Some  recent  results  which  have  been  published  on  the  aluminum  and  magnesium  LTT  TTT 

Ilf  111 

emission  spectra  from  aluminum-magnesium  alloys  (Reference  8)  do  not  correspond  with  the 
results  obtained  earlier  on  the  K  spectra  from  Al-Mg  alloys  (Reference  9).  The  ^  bands 

were  shown  to  undergo  a  progressive  change  in  shape  with  alloy  composition  but  no  significant 
changes  in  the  band  widths  were  observed.  In  contrast,  Farineau  showed  A1  and  Mg  K  bands 
which  progressively  changed  in  width  but  which  had  virtually  the  same  shape  and  width  for  any 
one  alloy  composition.  K  and  L  bands  of  these  metals  are  not  directly  comparable  in  the  sense 
that  they  represent  different  symmetry  components  but  it  is  rather  surprising  that  they  show 
such  different  patterns  of  progressive  change  as  the  alloy  composition  is  varied. 

Some  doubt  has  been  cast  on  the  results  of  Farinuau  not  only  because  of  the  disagreement 
with  the  L  spectra  observations  but  also  because  they  are  consistent  with  the  common  valence 
band  model  (Reference  1)  and  results  obtained  from  other  alloy  systems  do  not  follow  this 
model. 

K  Emission  Bands 

In  terms  of  wavelength  (or  energy)  shift  and  band  shape  change,  the  K  emission  band  of  both 
A1  and  Mg  can  be  strongly  affected  by  the  state  of  chemical  combination  where  the  nature  of  the 
chemical  bond  is  significantly  affected.  The  largest  change  occurs  when  going  from  metal  to 
oxide  (References  3  and  7)  as  seen  in  Figures  1  and  5,  but  many  other  compounds  also  exhibit 
significant  changes  (Reference  5). 

The  X  bands  obtained  for  AlandMgfrom  the  pure  metals  and  some  of  the  Al-Mg  alloys  are 
shown  in  Figures  7  and  9.  Both  bands  are  obtained  with  the  same  resolution  and  dispersion 
since  the  crystals  used  give  the  same  rocking  curves  and  the  ADP  crystal  diffracts  the  Mg  band 
at  virtually  the  same  20  angle  at  which  EDDT  diffracts  the  A1  band.  The  curves  shown  in  these 
figures  are  taken  directly  from  ratemeter  scans  with  no  corrections  applied  to  them.  They 
almost  surely  do  not  represent  the  true  band  shapes,  but,  nevertheless,  the  changes  which 
occur  in  them  are  assumed  to  represent  real  variations  in  band  structure  due  to  alloying. 

Before  pointing  out  these  band  variations,  however,  it  should  be  noted  that  other  parameters 
such  as  specimen  self  absorption  and  electron  bombardment  energies  in  excess  of  threshold 
potentials  can  also  affect  the  shape  of  emission  bands  (Reference  10).  All  of  the  bands 
mentioned  here  were  obtained  at  6  KV  so  that  the  bombardment  energy  effect  should  be  the 
same  for  all  the  alloys  but  the  changing  self  absorption  may  be  contributing  in  a  small  way  to 
the  changes  in  band  shape. 

The  K  bands  from  pure  A1  and  pure  Mg  metals  are  quite  similar  in  shape  although  the  Mg 
band  is  much  the  narrower  of  the  two.  They  have  virtually  the  same  asymmetry  index  and 
asymmetry  coefficient.  Upon  alloying,  the  Mg  K  band  becomes  progressively  broader  and  the 
A1  K  band  becomes  progressively  narrower.  The  band  measurements  from  the  various  alloys 
are  listed  in  Tables  I  and  II.  In  the  last  two  columns  of  each  table  A.  represents  the  asymmetry 
index  and  Aq  represents  the  asymmetry  coefficient. 


4 


AFML-TR-66-191 


This  broadening  of  the  Mg  band  and  narrowing  of  the  Al  band  is,  in  essence,  what  was  ob¬ 
served  by  Farineau  (Reference  9)  for  the  K  bands  but  quite  the  opposite  of  what  Appleton  and 
Curry  (Reference  8)  show  for  the  L  m  bands.  It  should  be  pointed  out,  however,  that  we  do 

not  agree  with  Farineau  on  the  shape  of  the  A 1  K  band  from  the  pure  Al  metal.  As  mentioned 
previously  (Reference  3)  his  metal  target  was  probably  contaminated  with  oxide. 

Both  Farineau  and  Appleton  and  Curry  showed  alloy  results  from  only  the  two  ordered 
compositions  Al^Mg^and  Al^Mg^.  Farineau  showed  that  for  both  of  these  compositions  the 

Al  and  Mg  K  bands  had  the  same  width  and  the  same  shape.  We  found  the  K  bands  from  both 
constituents  to  have  the  same  width  in  A  l^Mgg  but  not  in  Al^Mg^.  The  band  shapes,  however, 

were  not  found  to  be  the  same,  having  differed  half  widths  and  asymmetry  constants.  Appleton 
and  Curry,  on  the  other  hand,  concluded  that  the  Al  and  Mg  LTT  TTT  bands  did  not  assume  the 

ill  111 

same  width  or  shape  on  alloying  and  that  the  shapes  changed  between  pure  metal  and  alloy  but 
the  widths  did  not.  Apparently  the  Al  and  Mg  K  bands  are  affected  in  a  different  manner  than 
the  Ljj  jjj  bands  when  the  two  metals  are  alloyed. 

Several  two-phase  alloys  were  also  studied  and  the  results  listed  in  Tables  I  and  II.  The 
compositions  listed  are  in  atomic  percent.  The  bands  obtained  from  two-phase  alloys  are 
averages  of  the  bands  from  each  phase  present.  In  the  Al-Mg  alloys  the  Al  K  band  becomes 
progressively  narrower  as  the  Al  content  is  decreased  but  the  band  shape  remains  the  same. 
A  few  of  these  bands  are  shown  in  Figure  7.  The  Mg  K  band  also  retains  the  same  general  shape 
throughout  the  composition  range  but  becomes  broader  as  the  Mg  content  is  decreased  as  seen 
in  Figure  9  and  Table  II.  In  our  instrumental  arrangement  there  is  a  lower  limit  in  alloy 
composition  for  which  we  can  obtain  the  K  band  with  sufficient  intensity  for  a  good  band  profile 
without  causing  alloy  decomposition.  For  the  Al  band  in  Al-Mg  alloys  this  limit  is  about  10 
atomic  percent  Al.  For  the  Mg  band  it  is  about  40  atomic  percent  Mg. 

The  energy  position  of  the  intensity  maximum  for  both  tne  Al  and  Mg  K  bands  remains 
virtually  unchanged  for  all  the  alloys  investigated. 

Ka^  &  Ka^  Satellite  Lines 

In  studying  theAl  K  spectrum  from  various  A 1  compounds  and  alloy  systems  our  observation 
has  been  that  the  change  in  the  Ka4/Ka3  satellite  line  intensity  ratio  generally  follows  very 

closely  the  change  in  the  shape  and  energy  position  of  the  K  band  (References  3,4,5,  6,7,  and 
11).  More  limited  observations  on  the  Mg  K  spectrum  suggests  the  same  trend  occurs  in  the 
Mg  Ka4/Ka3  satellite  line  ratio.  The  largest  change  occurs  when  going  from  the  metal  io  the 

oxide  where  this  ratio  goes  from  0.48  to  0.92  for  Al  and  from  0.58  to  1.03  for  Mg  as  seen  in 
Figures  2  and  6. 

It  is  not  surprising,  therefore,  in  light  of  the  small  K  band  changes  in  the  Al-Mg  system  to 
find  that  neither  the  Al  Ka4/Ka3  nor  the  Mg  Ka4/Ka3  intensity  ratios  change  very  much 

throughout  the  range  of  alloy  compositions  investigated  as  listed  in  Table  III  and  shown  in 
Figures  8  and  10. 

THE  ALUMINUM-NICKEL  SYSTEM 
General  Discussion 

Outside  of  the  aluminum-magnesium  system  just  discussed,  there  has  been  virtually  no 
X-ray  emission  band  studies  made  of  aluminum  alloy  systems.  Also,  in  most  of  the  work  that 
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has  been  done  on  any  binary  system,  an  effort  has  been  made  to  study  only  the  well  character¬ 
ized  single-phase  compositions.  We,  however,  were  also  interested  in  looking  at  two-phase 
alloys  and  so,  for  the  aluminum-nickel  system,  examined  a  series  of  alloys  which  differed  in 
aluminum  content  in  steps  of  about  5  atomic  percent  from  pure  aluminum  down  to  4Al-96Ni. 

Recently,  Nemnonov  and  Finkel’shtein  (Reference  12)  published  the  A 1  K  band  shapes  from  a 
few  ordered  Al-Ni  alloys  and  Azaroff  (Reference  13)  and  Das  and  Azaroff  (Reference  14) 
reported  on  some  nickel  K  absorption  studies  for  some  Al-Ni  alloys  and  both  came  to  the  same 
general  conclusion  as  we  have  concerning  the  aluminum-nickel  bond  as  the  alloy  composition 
varies  (Reference  11). 

Aluminum  K  band 

We  have  examined  the  Al  K  band  from  a  large  number  of  Al-Ni  alloys,  both  one  and  two- 
phase  structures.  Figure  11  gives  an  indication  of  the  changes  which  take  place  in  the  band  as 
the  aluminum  content  is  varied.  These  curves  are  taken  directly  from  rate-meter  scans  with 
no  corrections  applied  to  them. 

One  obvious  change  in  the  band  is  the  shift  of  the  intensity  maximum  to  lower  energy  as  the 
aluminum  content  is  decreased.  If  one  plots  these  energy  positions  as  a  function  of  alloy 
composition  for  the  whole  Al-Ni  system  a  linear  relationship  such  as  seen  in  Figure  12  is 
obtained.  Using  an  EDDT  crystal,  these  maxima  can  be  determined  to  within  ±0.1  ev.  The 
measured  positions  are  listed  in  Column  2  of  Table  IV. 

It  is  also  quite  apparent  that  the  shape  of  the  K  band  changes  considerably  as  the  aluminum 
content  changes.  The  factor  contributing  most  to  this  change  is  the  broadening  of  the  emission 
edge.  The  uncorrected  edge  width  is  listed  in  the  last  Column  of  Table  4  and  the  variation  is 
shown  in  Figure  13.  This  increased  broadening  makes  the  K  band  become  more  and  more 
symmetrical  about  the  intensity  maximum  as  the  aluminum  content  is  decreased. 

As  the  alloy  composition  varies  so  does  the  K  band  half  width.  The  uncorrected  values  ob¬ 
tained  are  listed  in  Column  3  of  Table  IV.  The  band  width  at  half-maximum  intensity  (half¬ 
band  width)  can  be  measured  fairly  accurately  but  the  full -band  width  is  subject  to  much  more 
uncertainty  because  of  the  slow  tailing  off  of  the  long  wavelength  side  of  the  band.  It  appears, 
however,  that  the  band  width  does  not  change  significantly  as  the  alloy  composition  is  varied. 
In  a  previous  report  (Reference  11)  we  had  stated  that  the  Al  K  band  appeared  to  become 
progressively  narrower  as  the  aluminum  content  decreased  but  a  more  careful  study  of  the 
band  indicates  that  this  may  not  be  true.  If  any  narrowing  does  occur,  it  is  very  slight.  The 
half-band  width,  however,  does  vary  as  shown  in  Figure  14. 

This  band  shape  change  can  be  measured  directly  by  the  asymmetry  index  (A.)  and  the 
asymmetry  coefficient  (A  ),  the  results  of  which  are  listed  in  Columns  5  and  6  of  Table  4.  A 

C 

comparison  of  the  manner  in  which  both  of  these  asymmetry  constants  vary  with  alloy  compo¬ 
sition  in  the  Al-Ni  system  is  shewn  in  Figure  15.  The  asymmetry  coefficient  undergoes  a 
smoother  and  larger  variation  than  does  the  asymmetry  index.  In  the  pure  aluminum  metal  the 
asymmetry  coefficient  of  the  K  band  is  3.7  which  means  that  the  low-energy  side  of  the  baud  is 
about  four  times  as  broad  as  the  high-energy  edge.  This  gives  a  little  better  indication  of  the 
band  shape  than  the  asymmetry  index.  In  AI2O3  the  Al  K  band  becomes  quite  symmetrical  with 
both  the  asymmetry  index  and  asymmetry  coefficient  being  equal  to  1.0. 

In  the  many  different  types  of  aluminum  compounds  which  we  have  studied  (References  3,5, 6) 
it  appears  that  the  shape  and  position  of  the  Al  K  band  is  closely  allied  to  the  type  of  chemical 
bond  in  which  the  aluminum  atoms  are  involved.  A  more  symmetrical  band  and  a  lower  energy 
position  is,  in  general,  indicative  of  an  increase  in  a  covalent-like  nature  in  the  atomic 
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interaction.  As  can  be  seen  in  Figure  Hand  as  described  above,  our  data  shows  that  the  A1  K 
band  from  Al-Ni  alloys  becomes  more  symmetrical  and  shifts  to  lower  energy  as  the  A 1 
content  is  decreased.  The  band  is,  in  fact,  tending  toward  the  shape  and  position  of  the  band 
obtained  from  aluminum  oxide.  Apparently  in  the  Al-Ni  alloys  the  electronic  structure  of 
aluminum  is  undergoing  a  pronounced  change  indicating  that  the  chemical  bonding  of  the 
aluminum  atoms  is  becoming  more  covalent  like  in  nature  as  the  nickel  to  aluminum  ratio  is 
increased. 

Nemnonov  and  Finkel’shtein  (Reference  12)  also  noted  that  the  A1  K  band  from  Al-Ni  alloys 
occupies  an  intermediate  position  between pureAl  and  AlgOg  although  their  band  shapes  do  not 

entirely  agree  with  ours.  The  main  difference  is  in  the  shape  of  the  high  energy  edge  for 
NLA13  and  NiAl.  This  may  be  due  to  slightly  better  resolution  on  their  part  although  we  obtain 

a  narrower  half  band  width  than  they  do.  The  difference  could  also  arise  from  different  alloy 
compositions  or  different  methods  of  sample  excitation. 

As  the  alloy  composition  varies,  therefore,  the  Al  K  band  from  Al-Ni  alloys  displays  signif¬ 
icant  changes  in  energy  position,  half -band  width,  emission-edge  breadth  and  asymmetry 
constants  although  the  full  band  width  remains  virtually  unchanged.  This  is  an  entirely 
different  effect  than  was  found  in  the  Al-Mg  alloys  as  mentioned  earlier  and  reflects  the 
different  electronic  structures  and  atomic  interactions  which  take  place  in  the  two  alloy 
systems. 

Aluminum  Ka^  and  Ka4  Lines 

Figure  16  shown  the  Ka^  and  Ka^  lines  obtained  from  a  few  of  the  alloys.  As  the  aluminum 

content  decreases,  the  intensity  of  Ka4  increases  with  respect  to  Ka^.  If  we  make  a  plot  of  the 

AlKc^/Kdg  intensity  ratio  versus  atomic  percent  aluminum  we  obtain  the  linear  relationship 

seen  in  Figure  17.  From  this,  one  would  expect  that,  in  the  two-phase  alloys,  we  are  seeing  an 
average  aluminum  content,  due  to  the  large  beam  size  (3/4°  x  1/4”).  This  fact  was  confirmed  by 
using  a  microprobe  beam,  the  results  of  which  are  listed  in  Table  V  and  shown  in  Figure  18. 
A  metallurgical  mount  was  made  of  a  few  selected  alloys.  The  single-phase  alloys  gave  the 
same  Ka4/Ko3  intensity  ratio  with  both  the  macro  area  and  mioro  area  excitations,  in  a  two- 

phase  alloy,  such  as  85Al-15Ni,  the  microbeam  probe  could  excite  each  phase  selectively. 
Figure  18A  is  a  beam  current  scan  of  this  alloy  at  a  magnification  of  about  500X.  The  dark 
areas  are  the  A  l^Ni  phase  and  the  light  areas  the  Al  phase.  It  is  found  that  each  phase  produces 

a  different  Ka^/Ka^  intensity  ratio  and  that  the  area  seen  by  the  macro-size  beam  gives  an 

average  of  the  two  rattos  as  seen  4n  Figure  5.  This  satellite  line  intensity  reMo  it  rep50&j£ft>le 
to  within  ±1  percent  and  we  have  been  able  to  use  it  as  a  quantitative  tool  for  determining  the 
aluminum  content  to  within  ±2  percent  (atomic)  in  the  Al-Ni  alloys.  This  technique  maybe 
compared  to  a  measurement  such  as  a  lattice  parameter  determination  in  that  once  a  curve 
such  as  that  seen  in  Figure  17  has  been  obtained,  it  is  not  necessary  to  run  standards  with 
each  sample.  The  Kc^/Ka^  values  obtained  for  a  series  of  the  alloys  are  shown  in  Column  1 

of  Table  IV.  They  were  obtained  simply  by  dividing  the  peak  intensity  of  Ko4  by  the  peak  in¬ 
tensity  of  Kag  after  correcting  for  background.  Several  of  these  alloys  were  run  ten  or  more 

times  and  the  results  indicate  the  intensity  ratios  listed  in  Table  IV  have  a  deviation  of  no 
more  flian  ±0.01. 
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Ka3  and  Ka^  also  shift  slightly  as  the  aluminum  content  is  decreased.  Between  100A1  and 

4Al-96Ni  the  shift  is  about  0.4ev  to  higher  energy  and  appears  to  be  fairly  linear  with  com¬ 
position  for  the  entire  system. 

Here  again,  our  results  emphasize  the  fact  that  the  changes  in  the  Ka^/Kn^  intensity  ratio 

go  hand-in-hand  with  changes  intheKband.  As  the  band  becomes  more  symmetrical  and  shifts 
to  lower  energies  the  Ka4/Ka„  ratio  becomes  larger  and  this  inter-relationship  appears  to  be 
quite  linear. 

Nickel  Ljjj  Band 

There  are  two  emission  bands  of  interest  in  the  nickel  L  spectrum,  these  being  the 
(or  Ly8j)  and  (or  La)  bands  at  14.280  and  14.571A,  respectively  for  the  pure  metal  (Ref¬ 
erence  17).  The  largest  shift  observed  for  the  band  was  less  than  0.20ev  between  Ni  metal 
and  the  10Ni-90Al  alloy.  The  band  is  about  5  times  as  intense  as  the  band  in  the  metal 
and  consequently  our  study  was  confined  mainly  to  because  was  difficult  to  obtain  with 

enough  intensity  for  low  nickel  content  in  the  alloys.  In  general,  however,  most  of  the  changes 
discussed  for  the  band  also  apply  to  L^. 

Some  of  the  experimental  band  shapes  observed  for  NiL^  from  Al-Ni  alloys  are  shown  in 

Figure  19.  Here  again,  the  curves  are  taken  directly  from  rate-meter  scans  with  no  corrections 
applied  to  them.  Liefeld  and  Chopra  (References  10,  15,  and  16)  have  shown  that  the  shape  of 
NiL^from  bulk  samples  is  dependent  to  some  extent  on  the  electron  beam  potential  and  on 

sample  self  absorption.  We  therefore  obtained  aU  the  Ni  bands  at  the  same  beam  potential  (5KV) 
although  the  self-absorption  effect,  of  course,  changes  as  the  alloy  composition  is  varied. 
Accordingly,  it  must  be  realized  that  the  changes  observed  in  the  L  „  band  may  be  due,  in 
some  small  part,  to  this  changing  self  absorption. 

For  the  Al-Ni  system  the  most  obvious  change  in  NiL^  occurs  at  the  high-energy  edge.  As 

the  nickel  content  is  decreased  the  edge  becomes  broader  and  the  intensity  of  the  satellite 
band  decreases  considerably.  The  uncorrected  edge  width  for  a  series  of  the  alloys  is  listed  in 
Table  VI.  This  variation  is  shown  in  Figure  13  along  with  that  observed  for  the  A1  K  band  edge. 
An  interesting  observation  is  that  the  two  curves  are  practically  mirror  images  of  each  other. 
As  the  nickel  content  is  decreased  the  NiL^  edge  broadens  rather  slowly  down  to  about  60 

percent  nickel  and  then  the  broadening  increases  more  noticeably  as  the  nickel  is  further 
decreased.  On  the  other  hand,  the  A1  K  band  edge  increases  appreciably  as  soon  as  alloying 
occurs  and  starts  to  level  off  as  the  aluminum  content  is  further  decreased.  The  net  effect  is 
that  the  average  of  the  two  edge  widths  remains  fairly  constant. 

The  NiLin  band  width  also  varies  with  alloy  composition.  It  is  rather  difficult  to  measure 

the  full-band  width  because  of  the  overlap  of  the  satellite  band  but  the  half-band  width  can  be 
measured  rattier  accurately  and  its  variation  with  composition  is  shown  in  Figure  14,  again 
compared  to  that  observed  for  the  A1  K  band.  Both  bands  display  the  same  type  of  half-width 
variation.  A  rather  interesting  point  is  that  the  narrowest  band  measured  for  NiL^  is  from  the 

alloy  with  60  atomic  percent  nickel  while  the  narrowest  band  measured  for  Al  K  is  at  60  atomic 
percent  aluminum. 
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As  with  the  A1  K  band  there  is  also  a  change  in  the  asymmetry  index  of  the  NiL^  band 

with  alloy  composition  as  can  be  seen  in  Figure  15.  The  measured  values  are  given  in  Table  VI. 
One  difference  in  the  two  bands  is  that  the  NiL^  band  has  an  asymmetry  index  of  less  than  one 

for  low  nickel  concentrations.  In  other  words,  the  high-energy  halfwidth  becomes  larger  than 
the  low-energy  halfwidth  which  we  have  never  observed  to  happen  for  the  A1  K  band.  Because 
of  the  satellite  interference,  we  were  unable  to  obtain  accurate  asymmetry  coefficients  for  the 
NlLnj  band  but  this  value  also  appears  to  become  less  than  one  for  nickel  concentrations 

below  about  15  atomic  percent. 

These  band  changes  also  seem  to  indicate  that  as  the  aluminum  to  nickel  ratio  is  increased 
tn  thv  alloy  'opposition  tU  rhomlcal  betiding  on  U*  tJctol  atoms  tetita  to  tocon*  mo& 
covalent- like  in  nature.  From  what  was  mentioned  earlier  concerningtheAlKband.it 
appears  that  both  components  in  the  aluminum-nickel  alloys  show  evidence  of  the  inter- 
metallic  bonding  taking  on  a  certain  amount  of  covalent-like  character  through  the  entire 
composition  range. 

THE  ALUMINUM-IRON  SYSTEM 

General  Discussion 

One  of  the  reasons  we  chose  this  particular  system  was  our  interest  in  comparing  the  results 
with  those  obtained  from  the  Al-Ni  system  which  were  just  discussed.  In  many  respects,  Fe  is 
very  similar  bo  Hi;  they  hvne  similar  doctrcntc  *  trjctuxca,,  elortrcwagatlviliwu  cxjOdaKcm 
states,  atomic  and  ionic  radii,  et  cetera. 

From  our  instrumental  standpoint,  we  are  able  to  study  both  the  aluminum  and  iron  emission 
bands  and  compare  them  to  the  aluminum  and  nickel  emission  bands  from  the  Al-Ni  system. 
Such  comparisons  should  help  elucidate  the  physical  and/or  chemical  factors  which  determine 
the  change  in  character  of  the  interatomic  bond  in  aluminum  binary  systems. 

Several  one-  and  two-phase  A1  -Fe  alloys  were  prepared  and  studied  and  the  results  are 
presented  here. 

Aluminum  K  Band 

The  A1  K  bands  obtained  fromafewof  the  Al-Fe  alloys  are  shown  in  Figure  20.  As  with  the 
other  systems  mentioned,  these  curves  are  taken  directly  from  rate-meter  scans  with  no 
corrections  applied  to  them.  If  one  compares  these  bands  with  those  shown  in  Figure  11  for  the 
Al-Ni  system,  a  very  strong  similarity  becomes  apparent.  In  both  the  Al-Ni  and  Al-Fe 
systems,  the  A1  K  bands  change  in  virtually  the  same  manner  as  the  alloy  composition  is 
varied.  The  rate  of  shift  of  the  intensity  maximum  in  the  Al-Fe  system,  shown  in  Figure  21, 
has  almost  the  same  s’  pe  as  that  shown  in  Figure  12  for  the  Al-Ni  system.  The  band  shapes, 
too,  are  quite  similar  although  the  band  widths  are  not. 

For  the  Al-Fe  system,  then,  the  Al  K  band  becomes  more  symmetrical  and  shifts  to  lower 
energy  as  the  Al  content  is  decreased.  The  result  is  a  considerable  broadening  of  the  emission 
edge  as  a  function  of  alloy  composition.  Column  2  of  Table  VII  contains  the  energy  position 
values  for  the  band  intensity  maximum. 

As  the  alloy  composition  varies,  so  does  the  Al  K  band  half  width  and  base  width.  The 
uncorrected  values  obtained  for  these  terms  are  listed  in  Columns  3  and  4  of  Table  VII. 
Figure  22  illustrates  the  manner  in  which  the  half  band  width  varies.  Immediately  upon 
alloying,  the  half  width  becomes  narrower  until  the  FegAlg  composition  is  reached,  at  which 
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point  it  starts  becoming  broader.  This  is  quite  different  from  what  was  observed  to  happen  in 
the  A).  -Ni  system  (Figure  14).  The  full  band  width  is  more  difficult  to  measure  accurately 
because  of  the  extended  low  energy  tailing  but  it  appears  to  be  slightly  smaller  for  the  alloys 
than  for  the  pure  A1  metal.  A  similar  observation  was  noted  in  the  Al-Ni  system. 

The  A1  K  band  shape  change  can  be  measured  directly  by  the  asymmetry  index  (A^  and  the 

asymmetry  coefficient  (A  ) ,  the  results  of  which  are  listed  in  Columns  5  and  6  of  Table  VTI.  A 

c 

comparison  of  the  manner  in  which  both  of  these  asymmetry  constants  vary  with  alloy  com¬ 
position  in  the  Al-Fe  system  is  shown  in  Figure  23.  Both  terms  undergo  much  the  same 
variation. 

It  appears,  therefore,  that  in  many  ways  the  A1  Kband  from  the  Al-Fe  system  is  quite 
similar  to  that  obtained  from  the  Al-Ni  system.  The  band  shape  and  energy  position  tendf. 
toward  the  shape  and  position  of  the  band  obtained  from  the  oxide,  as  the  iron  to  aluminum 
ratio  is  increased.  This  shows  that  the  nature  of  the  interatomic  bonding  on  the  aluminum 
atoms  is  undergoing  a  pronounced  change,  probably  due  to  an  increase  in  covalent-like 
nature  as  the  aluminum  content  is  decreased. 

Aluminum  Ka»  and  Ka  .  Lines 
6  4 

The  Kdg  and  Ka^  satellite  lines  from  a  few  of  the  Al-Fe  alloys  are  shown  in  Figure  24.  As 

the  aluminum  content  decreases,  the  intensity  of  Ka4  increases  with  respect  to  Kag.  If  one 

makes  a  plot  of  the  AlKa^/Ka^  intensity  ratio  versus  alloy  composition,  a  linear  relationship 

such  as  seen  in  Figure  25  is  obtained.  Again,  if  we  compare  these  results  with  those  obtained 
from  the  Al-Ni  system  (Figures  16  and  17),  we  find  IV :  the  two  are  almost  identical.  In  both 
systems  this  satellite  line  intensity  ratio  is  quite  reproducible  and  can  be  used  as  a  quantitative 
analysis  tool.  The  values  obtained  for  the  Al-Fe  alloys  studied  are  listed  in  Column  1  of 
Table  VII. 

Both  Kcig  and  Ka^  shift  slightly  to  higher  energy  as  the  aluminum  content  is  decreased  and 

this  shift  appears  to  be  fairly  linear  with  alloy  composition.  Once  again,  we  would  like  to 
emphasize  the  fact  that  the  satellite  line  intensity  ratio  variation  goes  hand-in-hand  with  the 
changes  in  the  K  band. 

Iron  Ljn  Band 

In  the  iron  L  emission  spectrum,  there  are  two  bands  of  interest  to  us,  these  being  the 
Ljj(3d4s-»2pl/2)  and  (3d4s— 2p3/2).  Our  study  was  confined  mainly  to  the  band  because 

in  the  Al-Fe  alloys  the  band  is  quite  weak  and  difficult  to  obtain  a  good  band  profile  for 

when  the  iron  content  is  below  about  50  percent.  When  going  from  the  metal  to  either  of  the 
oxides,  the  FeL^  band  does  change  somewhat  in  shape  and  energy  position  as  shown  in  Figure 

27  but  the  change  is  not  nearly  as  large  as  that  observed  for  the  A1  K  band  when  going  from 
metal  to  oxide  (Figure  1).  The  main  effect  that  oxidation  has  on  the  FeL  bands  is  shown  in 
Figure  26.  As  we  go  from  Fe  to  FeO  to  FegOg  Ln  '3an(^  becomes  more  intense  in  relation 

to  Ljjj  (Reference  17).  The  /  intensity  ratio  for  these  three  materials  is  0.12,  0.63,  and 

0.43  respectively.  ’’ LIII 
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The  experimental  band  shapes  obtained  for  Fe  metal  and  a  couple  of  the  Al-Fe  alloys  are 
shown  in  Figure  28.  These  bands  were  all  obtained  at  5KV  beam  potential  with  no  corrections 
applied  to  them,  either  instrumental  or  otherwise  (References  15  and  16). 


If  one  compares  Figures  28  and  19  itcan  be  seen  that  the  L^  bands  from  the  pure  metals 

are  quite  similar  in  shape.  They  have  virtually  the  same  band  widths,  edge  widths,  and 
asymmetry  constants.  With  this  in  mind  and  remembering  that  both  Fe  and  Ni  have  the  same 
effect  on  the  A1  K  band  in  the  Al-Fe  and  Al-Ni  alloys,  it  would  seem  that  one  should  expect 
the  FeL^  band  in  the  Al-Fe  alloys  to  change  in  the  same  manner  as  the  NiLin  band  in  the 

Al-Ni  alloys.  Well,  this  may  be  what  we  would  expect  but  it  sure  isn’t  what  we  find.  For  the 
Al-Ni  system  we  observed  that  the  NiL^j  band  becomes  more  and  more  symmetrical  as  the 

nickel  content  is  decreased  and  that  the  emission  edge  appears  to  be  lost  (Table  VI).  The 
FeLjjj  band,  however,  does  not  appear  to  change  in  this  manner. 

As  the  iron  content  is  decreased  in  the  Al-Fe  system,  the  FeL^j  emission  edge  does  not 

become  very  much  broader.  This  fact  shows  up  in  the  asymmetry  index  ^aid  asymmetry 

coefficient  measurements,  as  listed  in  Columns  4  and  5  of  Table  VIII.  This  is  also  shown 

graphically  in  Figure  23.  Neither  A.  nor  A  change  very  much  for  the  FeLm  band  throughout 

X  C  1XX 

the  composition  range  as  compared  to  what  happens  for  the  A1  K  band.  Even  in  the  95Al-5Fe 
alloy,  the  FeL^  edge  is  just  as  sharp  as  it  is  in  the  25Al-75Fe  alloy. 

The  energy  position  of  the  band,  however,  does  change  as  shown  in  Figure  29  and  listed  in 
Column  1  of  Table  vm.  The  shift  does  not  appear  to  be  as  linear  as  that  observed  for  the  AIK 
band  (Figure  21)  but  it  is  much  larger  than  the  shift  observed  for  the  NiLm  band  in  the  Al-Ni 
alloys.  Ul 

The  FeLjjj  band  width  also  varies  with  alloy  composition  as  listed  in  Column  3  of  Table  VIII. 

As  the  iron  content  is  decreased, ,  the  base  width  becomes  smaller  and  appears  to  level  off  at 
6.3ev  at  about  35  percent  (atomic)  iron.  According  to  our  data,  then  both  the  A1  K  and 
FeLnI  band  widths  decrease  on  alloying  in  the  Al-Fe  system. 

As  the  alloy  composition  varied,  the  half -band  width  also  changes.  This  change  is  shown  in 
Figure  22  and  listed  in  Table  Y;  ul.  From  Figure  22  it  can  be  seen  that  the  half -width  of  both 
the  AIK  and  FeL^  bands  vary  in  much  the  same  manner.  Both  bands  show  their  narrowest 

half-width  at  the  Fe„Al_  composition. 


It 


was  mentioned  earlier  that  the  FeL 


II  L 


m 


intensity  ratio  increased  considerably  when 


going  from  the  metal  to  either  of  the  oxides.  In  the  Al-Fe  system  this  ratio  remains  constant 
at  0.12,  the  same  as  obtained  from  the  pure  iron  metal. 


From  the  changes  which  occur  in  both  the  A1  K  and  FeL^ bands  in  the  Al-Fe  system,  it 

appears  that  the  nature  of  the  interatomic  bond  is  changing  with  alloy  composition.  As  was 
mentioned  earlier  for  the  A1  K  band,  the  predominantly  metallic  bond  seems  to  be  taking  on  a 
certain  amount  of  covalent-like  character  as  the  alloy  composition  is  varied. 

ALUMINUM-COPPER  AND  RELATED  SYSTEMS 

This  particular  system  was  chosen  primarily  because  of  the  unusual  effect  which  copper  (and 
other  group  IB  metals)  has  on  the  aluminum  K  emission  band.  The  copper  L  emission  band  also 
behaves  much  differently  than  the  other  transition  metal  L  bands  from  aluminum-transition 
metal  binary  systems. 
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Aluminum  K  Band 

The  AIK  band  from  pure  aluminum  and  some  Al-Cu  alloys  is  shown  in  Figure  30.  The  most 
obvious  effei  t  of  alloying  is  the  splitting  of  the  band  into  two  components.  This  is  an  entirely 
different  effect  than  what  was  observed  in  the  Al-Mg,  Al-Ni  and  Al-Fe  systems  discussed  in 
the  preceding  sections.  The  high  energy  component  remains  in  approximately  the  same  position 
th.oughout  the  entire  composition  range  but  the  low  energy  component  becomes  more  prominent 
and  shifts  to  lower  energies  as  more  and  more  copper  is  added.  In  addition,  as  shown  in 
Table  IX,  the  uncorrected  edge  width  remains  virtually  unchanged  for  any  composition.  Also, 
the  band  width  is  nearly  constant  over  the  entire  composition  range  despite  the  band  splitting. 
These  are  essentially  the  same  results  shown  by  Yoshida  (Reference  19)  in  1936  and  Farineau 
(Reference  20)  in  1939.  However,  in  Yoshida’s  work,  intensities  were  low  and  for  Al  concen¬ 
trations  below  about  30  percent  it  was  assumed  that  the  short  wavelength  edge  remained  the 
same.  The  absolute  energy  positions  cf  K  band  components  are  considerably  different  in  this 
work  compared  to  the  curves  shown  by  Yoshida.  For  instance,  his  low  energy  component  in 
the  50-50  alloy  is  at  about  1550ev  and  we  report  is  as  being  at  1554. 5ev.  It  is  interesting  that 
the  shape  of  Yoshida’s  Al  K  band  for  pure  Al  is  correct  but  is  seldom  referred  to.  Rather  a 
doubled  K  band  for  pure  Al  as  recorded  by  Farineau  (References  9  and  20)  was  used  as  the 
standard  band  shape  for  years  until  the  correct  one  was  shown  in  a  review  by  Shaw  (Reference 
21)  in  1956.  The  present  authors  showed  that  Farineau’s  curve  was  a  composite  curve  from 
the  metal  and  oxide  (Reference  3).  Farineau  (Reference  20),  in  addition  to  presenting  an  in¬ 
correct  K  band  shape  for  Al,  also  shows  a  triplet  at  approximately  Al^Cu,  with  which  we  do 

not  agree.  It  is  likely  that  some  of  Farineau’s  high  Al  alloys  also  contained  oxide. 


Figure  31  is  a  plot  of  the  energy  difference  between  the  high  and  low  energy  components  of 
the  Al  K  band  with  alloy  composition  in  the  Al-Cu  system.  The  change  in  energy  between  the 
two  components  is  nearly  linear.  The  energy  difference  for  a  given  composition  is  a  constant 
and  may  be  used  in  the  same  way  that  a  lattice  parameter  is  used  to  determine  composition 
of  an  unknown  alloy.  This  energy  difference  constant  has  the  advantage  that  the  sample  need 
not  be  stress  free  and  perfectly  crystallized  in  order  to  make  measurements.  In  a  diffusion 
couple  of  Al  and  Cu  for  instance,  the  identity  of  each  phase  in  the  reaction  zone  could  be 
determined  using  the  electron  microprobe.  Perhaps  it  would  even  by  possible  to  study  and 
prove  composition  and  structure  changes  at  grain  boundries. 

The  curve  of  Figure  31  extrapolates  to  about 4.5ev  for  very  dilute  alloys  (  10%  Al).  This  is 
an  interesting  result  in  light  of  calculations  made  by  Friedel  (Reference  22)  based  on  a  model 
having  an  Al  atom  dissolved  in  Cu  as  an  Al+  ion  plus  one  Fermi  electron  having  the  same 
energy  and  density  of  states  as  in  copper,  but  with  an  s  component  repelled  and  p,  d  components 
attracted  around  the  Al  atoms.  Friedel  shown  that  the  electron  which  fills  the  positive  hole 

2 

during  emission  may  come  from  (a)  the  conduction  band,  (b)  the  3p  state,  or  (c)  the  3s  shell. 
Transition  (a)  gives  a  strong  peak  superimposed  at  the  emission  edge,  and  (c)  gives  a  stronger 
emission  band  shifted  toward  longer  wavelengths  by  an  amount  equal  to  the  excitation  energy 
2  + 

of  3s— »3s3p  in  Al  .  This  computed  value  by  Friedel  for  this  displacement  is  i.6ev. 


Because  of  this  unusual  behavior  of  the  K  band  it  would  be  desirable  to  observe  the  Al  L 
band  in  Al-Cu  alloys.  The  Al  L  band  is  beyond  our  wavelength  capabilities,  but  it  has  been  ob¬ 
tained  by  Skinner  and  Johnston  (Reference  23).  Unfortunately,  their  results  are  nearly  incon¬ 
clusive  and  cannot  be  compared  to  theKband  because  the  Cu  M  band  overlaps  the  short  wave¬ 
length  portions  of  the  Al  L  band.  However,  in  an  alloy  they  list  as  “about  25%  Al”,  the  band  is 
sufficiently  clear  to  indicate  that  the  Al  L  band  still  maintains  the  short  wavelength  edge  and 
probably  there  is  no  doubling. 
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We  find  that  the  K  emission  band  from  other  polyvalent  elements  also  becomes  doubled  when 
these  elements  are  alloyed  with  monovalent  elements.  In  addition  to  Cu-Al  we  have  investigated 
alloys  of  the  following  systems:  Cu-Mg,  Cu-Si,  Ag-Mg,  Ag-Al,  Au-Al  and  Au-Be.  The  K  band 
from  each  polyvalent  element  was  doubled.  In  the  Ag-Al  system,  for  instance,  the  A1  K  band 
appears  very  similar  to  that  obtained  from  the  Cu-Al  systems  as  seen  in  Figure  33.  The  high 
energy  edge  is  retained;  the  band  is  split  into  two  components  and  the  low  energy  component 
shifts  approximately  the  same  amount  as  in  the  Cu-Al  system.  Both  bands,  however,  are 
shifted  almost  lev  to  lower  energies  compared  to  the  Cu-Al  system  as  evident  in  Figure  32 
where  the  A1  K  bands  from  1:1  alloys  of  Cu-Al,  Ag-Al,  Ag-Al  are  shown.  In  the  Au-Al  alloys 
the  high  energy  component  occurs  at  the  same  energy  as  in  Cu-Al,  but  the  low  energy  com¬ 
ponent  has  shifted  farther.  In  addition,  the  linear  shift  of  the  high  energy  component  seen  in 
Cu-Al  alloys  (Figure  31)  does  not  occur  in  Au-Al  alloys.  It  appears  that  for  the  same  atomic 
composition,  the  low  energy  component  of  the  split  A1  Kband  becomes  stronger  with  increasing 
atomic  number  of  the  monovalent  element. 

We  can  show  that  in  multi-phase  A  1-Cu,  A  1-Ag  and  Al-Au  alloys,  the  A1  K  band  shape  can  be 
used  to  identify  the  phases  present.  An  example  of  this  technique  is  shown  in  Figures  34  and  35. 
The  50Al-50Ag  alloy  is  two-phase  as  seen  in  the  microprobe  images  of  Figure  34.  In  picture  A 
the  light  regions  are  the  A1  rich  phase  and  the  dark  regions  are  the  Ag  rich  phase.  The  A1  K 
band  shape  obtained  from  each  phase  is  shown  at  the  left  side  of  Figure  35.  If  the  beam  size  is 
enlarged  so  that  both  phases  are  excited  simultaneously,  the  band  shape  on  the  right  side  of 
Figure  35  is  obtained,  which  is  a  composite  of  the  band  shapes  from  the  individual  phases. 

Doubling  of  the  K  band  has  been  observed  in  many  other  alloys  including  the  A1  K  band  from 
alloys  having  more  than  two  components  such  as  CuNiAl  and  CuMgAl.  The  Mg  K  band  is 
doubled  in  Mg-Cu  alloys  as  shown  in  Figure  36  but  the  separation  between  bands  does  not 
appear  to  change  predictably  with  composition.  For  instance,  AE  for  Mg^Cu  is  3.48ev  and  for 

MgCu2  it  is  3.69ev  which  is  not  very  much  of  a  shift  considering  the  large  composition  change. 

The  Si  K  band  splits  into  two  components  in  the  Cu-Si  system  but  measurements  on  energy 
separation  were  not  made  because  of  poor  spectral  dispersion  in  the  region  in  which  it  was 
diffracted.  Emission  band  doubling  has  also  been  observed  in  spectra  of  higher  atomic  number 
elements.  The  Zn  K  band  in  Cu-Zn  alloys  behaves  almost  identically  to  the  Al  K  band  in  Cu-Al 
alloys  (Reference  23).  The  Zn  Kband  doubles  and  the  low  energy  component  becomes  dominant 
in  the  dilute  alloys. 

However,  it  appears  that  K  band  doubling  may  not  be  universal  among  polyvalent  elements 
dissolved  in  monovalent  elements.  We  have  prepared  a  number  of  Cu-Be  alloys  and  have  not 
observed  any  band  splitting  in  the  Be  K  band.  Skinner  and  Johnston  (Reference  23)  have  re¬ 
ported  doubling  or  tripling  but  only  in  very  dilute  alloys.  One  of  the  band  components  v/hich 
they  show  for  these  dilute  alloys  occurs  at  the  oxide  position  and  may  be  due  to  oxide  con¬ 
tain  inati  .  We  do  observe  doubling  in  the  Be  K  band  from  Au-Be  alloys,  however,  and  the  low 
energy  component  occurs  at  the  same  energy  position  as  BeK  from  BeO.  We  know  that  oxide  is 
not  present  in  our  Au-Be  alloys  because  we  also  scan  routinely  over  the  oxygen  K  region  using 
a  KAP  crystal.  Possibly  then,  the  band  does  not  split  in  the  Cu-Be  alloys  except  in  the  very 
dilute  concentrations  of  Be. 

The  aluminum  K  emission  band  data  for  pure  All  and  eleven  Cu-Al  alloys  are  summarized 
in  Table  IX. 

Aluminum  Ka^  and  Ka^  Satellite  Lines 

These  satellite  lines  from  a  few  of  the  Al  -Cu  alloys  are  shown  in  Figure  37.  Here  again  we 
find  that,  just  as  in  the  Al-Mg,  Al-Ni  and  Al-Fe  systems,  the  Ka^/Ka^  intensity  ratio  is  a 
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linear  function  of  alloy  composition  and  the  relationship  is  shown  in  Figure  38.  The  values  for 
these  ratios  from  the  different  Al-Cu  alloys  investigated  are  listed  in  Table  IX. 

Copper  Ljj  Band 

Normally  one  would  prefer  to  study  the  CuL^  band  instead  of  the  Ljj,  mainly  from  the  stand¬ 
point  of  the  much  higher  emission  intensity  of  the  band.  Unfortunately,  though,  we  were 
unable  to  find  a  crystal  wi  th  the  correct  2d  spacing  to  obtain  the  CuL^  band  with  the  resolution 

we  desire.  The  best  we  could  do  therefore,  was  use  a  second  order  reflection  from  a  sodium 
acid  phthalate  crystal  (NoAP;  2d=26.414A).  The  interplanar  spacing  of  this  crystal  is  such  that 
we  can  obtain  the  CuL^  band  with  very  good  resolution  but  the  CuL^^  band  is  too  long  in  wave¬ 
length  to  obtain  the  second  order  reflection.  This  doesn’t  matter  too  much  since  the  results 
obtained  for  the  Ljj  band  should  apply  equally  as  well  to  the  Lin  band. 

There  is  not  very  much  of  a  change  in  the  CuL^  band  when  going  from  pure  Cu  to  CuO  or 

Cu20  as  seen  in  Figure  39.  The  major  change  is  in  the  intensity  of  the  overlapping  high  energy 

satellite  bands.  A  very  slight  shift  to  lower  energy  occurs  in  the  intensity  maximum  which  is 
just  the  opposite  of  the  direction  of  shift  observed  in  the  and  bands  from  Ni,  Co,  Fe 

and  the  other  transition  metals  when  going  from  pure  element  to  oxide. 

The  CuLjj  band  from  Cu  metal  and  someCu-Al  alloys  is  shown  in  Figure  40.  As  the  copper 

content  in  the  alloys  is  decreased,  the  satellites  become  a  little  more  prominent  and  the  band 
itself  shifts  slightly  to  lower  energy.  Here  again  the  direction  of  shift  is  just  the  opposite  of 
that  observed  for  NiL^  from  Al-Ni  alloys  or  FeL^  from  Al-Fe  alloys  and  shows  the  effect 

of  the  filled  3d  level  in  copper.  We  find  that  the  energy  shift  of  CuL^  is  linear  with  alloy  com¬ 
position  in  the  Cu-A  1  system  as  shown  in  Figure  41. 

Because  of  the  overlapping  satellite  structure  we  were  unable  to  determine  whether  or  not 
alloying  causes  changes  in  the  CuL^  band  shape  or  band  width.  Certainly  we  do  not  observe 

any  band  splitting  as  reported  by  Farineau  for  the  CuLm  band  in  the  Cu-Al  alloys  (Reference 

20).  m 

ALUMINUM-TITANIUM  AND  RELATED  SYSTEMS 

Aluminum  K  Band 

Binary  alloys  of  aluminum  with  titanium,  zirconium  or  hafnium  (group  4B  metals)  produce 
an  A1  K  band  which  is  narrower  in  half -width  than  that  from  any  other  aluminum  systems  which 
we  have  investigated.  The  experimental  band  shapes  from  a  few  of  these  alloys  are  shown  in 
Figures  42  and  43.  Only  four  different  Al-Ti  compositions  were  investigated  but  the  results 
indicate  that  the  asymmetrical  shape  of  the  Al  K  band  is  retained  in  the  alloys  as  listed  in  the 
last  two  columns  of  Table  X.  The  band  shifts  in  energy  as  a  linear  function  of  alloy  composition, 
the  amount  of  shift  being  between  that  observed  for  the  Al-Mg  and  Al-Ni  systems  (Figure  51). 

The  half  width  of  3.5ev  for  the  50-50  alloys  of  Al-Ti  and  A  1-Zr  represent  by  far  the 
narrowest  AIK  bands  obtained  from  any  aluminum  compounds  which  we  have  studied.  Appar¬ 
ently  the  full  band  width  becomes  continually  narrower  as  the  aluminum  content  is  decreased 
but  not  as  much  as  in  the  Al-Mg  system  (Tables  I  and  X).  The  band  shapes  and  energy  positions 
from  the  Al-&r  and  Al~Hf  alloys  are  virtually  the  same  as  those  obtained  from  the  Al-Ti 
alloys. 
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Aluminum  Ka.  and  Ka  Lines 
3  4 

As  was  found  for  the  other  aluminum  binary  systems  discussed  previously,  the  AlKn^  and 

Kaj  satellite  lines  from  Al-Ti,  Al-Zr  and  Al-Hf  change  in  an  orderly  manner  as  the  alloy 

composition  is  varied.  As  seen  in  Figure  44  the  Ka^/K intensity  ratio  increases  as  the 

aluminum  content  is  decreased.  This  change  is  linear  with  alloy  composition  and  the  rate 
of  change  is  between  that  observed  for  the  Al  Mg  and  Al-Ni  systems  (Figure  52). 

Both  the  Kcig  and  Ko^  lines  shift  to  higher  energy  as  the  aluminum  content  is  decreased. 


SECTION  IV 
CONCLUSIONS 


There  are  several  important  conclusions  which  can  be  drawn  from  the  results  shown  here. 
First  of  all,  it  is  obvious  from  the  changes  which  occur  in  the  Al  K  emission  band,  that  the 
electronic  structure  of  aluminum  is  changed,  sometimes  in  a  very  pronounced  manner  when  the 
chemical  environment  of  the  aluminum  atoms  is  altered.  It  is  also  evident  that  the  nature  of 
the  interatomic  interaction  changes  not  only  for  each  different  aluminum  binary  system,  but 
with  varying  composition  within  any  one  system  as  well.  We  have  shown  that  this  change  in  the 
character  of  the  bond  can  have  one  or  more  of  the  following  effects  on  the  aluminum  K  X-ray 
emission  spectrum: 

1.  a  change  in  energy  position  of  lines  or  bands 

2.  a  change  in  shape  of  lines  or  bands 

3.  a  change  in  the  relative  intensities  of  lines  or  bands 

4.  the  appearance  or  disappearance  of  lines  or  bands 

This,  of  course,  raises  questions  as  to  why  the  spectral  changes  occur  and  whether  or  not 
these  changes  can  be  interpreted  in  suchav/ay  as  to  indicate  just  how  the  electronic  structure 
of  aluminum  is  altered  when  the  aluminum  atoms  interact  with  other  non-aluminum  atoms.  We 
have  shown  in  this  report,  for  instance,  that  the  Al  K  band  from  Al-Mg  alloys  (Figure  7)  is 
different  from  what  is  observed  from  the  Al-Ni  alloys  (Figure  11)  and  that  both,  in  turn,  are 
different  from  what  is  obtained  from  the  Al-Cu  alloys  (Figure  30).  We  now  intend  to  show  that 
these  variations  for  the  different  binary  systems  can  be  sorted  out  into  a  rather  simple 
systematic  order.  To  do  this  we  start,  not  surprisingly,  with  the  periodic  table  of  the  elements. 
Figure  45  is  a  portion  of  the  periodic  table  showing  which  elements  we  have  combined  with 
aluminum  in  binary  compounds  for  X-ray  emission  studies,  some  of  which  were  reported 
previously  (References  3,  4,  5  and  6). 
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Figures  46  to  49  give  an  indication  of  what  we  find  if  we  compare  the  results  of  binaries  in 
which  the  second  components  belong  to  the  same  subgroup.  Earlier  we  showed  that  the  A1  K 
band  from  the  Al-Mg  alloys  does  not  shift  much  with  a  large  change  in  alloy  composition 
(Figure  7).  The  same  relationship  is  found  for  Al-Ca  alloys  and  the  fact  that  the  A1  K  band 
shape  and  energy  position  is  the  same  for  both  systems  is  shown  in  Figure  46.  Metals  of  sub¬ 
group  4B  (Ti,  Zr  and  Hf)  have  the  same  effect  on  the  A1  K  band,  also,  as  shown  in  Figure  47. 
Figure  48  shows  the  results  obtained  from  the  1:1  atomic  ratios  of  aluminum  with  Fe,  Co  and 
Ni.  The  shape  of  the  A1  K  band  edge  is  a  little  different  for  the  Al-Fe,  Al-Co  and  Al-Ni 
systems  but  theenergypositionsareatthesame  places.  Perhaps  the  most  striking  comparison 
is  shown  in  Figure  32.  If  aluminum  is  combined  with  any  of  the  group  IB  metals  (Cu,Ag  or  Au) 
the  K  band  becomes  split  into  two  components.  Furthermore,  Cu,  Ag  and  Au  are  the  only  ele¬ 
ments  which  we  have  found  to  cause  this  band  splitting.  Non-metals  of  the  same  subgroup  also 
cause  this  band  correspondence  in  A1  binary  compounds  as  shown  in  Figure  49  for  A1P,  AlAs 
and  A ISb.  Spectral  measurements  for  some  of  the  non-metal  systems  are  given  in  Table  XI. 
Other  subgroup  systems  which  are  not  shown  in  the  figures  are  also  found  to  display  band 
shape  and  energy  position  correspondence. 

There  appears  to  be  a  slight  atomic  number  effect  in  each  of  the  subgroup  binary  systems. 
The  larger  atomic  numbers  cause  a  little  greater  shift  in  the  Al  K  band.  For  the  same  alloy 
compositions,  for  instance,  the  Al  K  band  from  Al-Hf  will  be  slightly  lower  in  energy  than  the 
band  from  Al-Zr  which  in  turn  will  be  a  little  lower  in  energy  than  the  band  from  A  1-Ti. 

Since  elements  of  the  same  subgroup  have  similar  outer  electronic  configurations  we  con¬ 
clude  that  the  electronic  structure  of  the  second  component  determines  the  nature  of  the 
interatomic  bond  and  hence  the  shape  and  energy  position  of  the  Al  K  band  in  aluminum  binary 
compounds. 

Now  we  are  faced  with  the  question  of  how  the  results  from  each  different  sub-group  system 
are  related  to  each  other  and  find  that  a  comparison  of  curves  such  as  seen  in  Figure  50 
provides  an  answer.  If  we  form  aluminum  binary  compounds  of  the  same  composition  for 
elements  in  each  subgroup,  moving  from  the  left  to  the  right  of  the  periodic  table,  we  find  that 
the  energy  position  of  the  Al  K  band  advances  in  a  regular  manner  toward  lower  energy.  The 
farther  to  the  right  that  a  particular  element  lies,  the  greater  the  change  it  will  cause  in  the 
Al  K  band  when  formed  as  a  binary  compound  with  aluminum.  The  amount  of  energy  shift 
observed  in  the  K  band  corresponds  fairly  well  with  the  increasing  electronegativity  of  the 
second  component.  In  general,  one  can  assume  that  the  more  electronegative  the  second 
component,  the  lower  the  energy  of  the  Al  K  band.  This  fact  is  graphically  shown  for  a  few  of 
the  aluminum  binary  alloy  systems  in  Figure  51. 

We  find  that  these  systematic  variations  are  observed  not  only  in  the  AIK  band  but  in  the 
AlKa^/Kcig  intensity  ratio  as  well.  This  is  illustrated  in  Figure  52  for  the  same  binary  alloys 

used  in  Figure  51.  If  we  examine  all  of  the  aluminum  binary  systems  investigated,  we  find 
that  elements  in  the  same  subgroup  will  cause  the  AlKa^ond  Kag  lines  to  have  the  same 

intensity  ratio  for  a  given  aluminum  content.  The  farther  to  the  right  of  the  periodic  table 
that  an  element  belongs,  the  more  of  a  change  it  will  cause  in  the  AlKa^/Ka^  intensity  ratio. 

This  is  the  Sana,  type  of  relationship  we  observed  for  the  Al  K  band  as  mentioned  in  the 
above  paragraph. 

It  appears,  then,  that  we  can  make  two  general  conclusions  concerning  the  relationship  of  the 
AIK  emission  spectrum  from  Al  binary  systems  with  the  position  of  the  second  component  in 
the  periodic  table: 

1.  elements  of  the  same  subgroup  each  have  virtually  the  same  effect  on  the  aluminum 
spectrum. 
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2.  elements  of  each  different  subgroup  have  a  different  effect  on  the  aluminum  spectrum 
and  these  effects  can  be  correlated  according  to  the  relative  positions  of  each  of  these 
subgroups  in  the  periodic  table. 

These  are  important  points  because  they  illustrate  that,  at  least  for  the  A1  K  band,  the 
chemical  effect  on  X-ray  spectra  is  quite  periodic  in  nature.  Just  as  periodic,  in  fact,  as  the 
Periodic  Table  of  the  Elements. 

There  are  a  couple  of  points  concerning  Figures  51  and  52  worth  mentioning  here.  First  of 
all,  the  energy  shift  of  the  A1  K  band  and  the  intensity  ratio  change  of  AlKa4/Kag  are  linear 

functions  of  alloy  composition  for  all  of  the  A 1  binary  alloys  which  we  have  investigated.  The 
A1  K  band  always  shifts  to  lower  energy  as  the  A1  content  is  decreased  and  the  AlKc^/Kag 
intensity  ratio  always  increases  as  the  A1  content  is  decreased. 

We  find,  in  fact,  that  the  A1  K  band  energy  position  and  AlKa4/Kag  intensity  ratio  are  very 

closely  inter-related  as  shown  in  Figure  53.  In  this  figure  we  have  plotted  the  energy  position 
of  the  A1  K  band  against  the  A lKa4/Kag  intensity  ratio  for  a  large  number  of  aluminum  binary 

compounds.  This  graph  clearly  illustrates  that  if  the  Al  K  band  shifts  in  energy,  it  is  always 
accompanied  by  a  corresponding  change  in  the  AlKa4/Kag  intensity  ratio.  It  makes  no 

difference  whether  the  compound  is  a  conductor,  semi-conductor  or  insulator;  the  lowest 
left-hand  point  is  from  pure  Al  metal,  the  uppermost  right-hand  point  is  from  Al20g  and  the 

in-between  points  are  from  aluminum  binary  alloys  and  other  aluminum  binary  compounds  such 
as  A1P,  Al4Cg,  AlgSeg,  AlAs,  AlSb,  et  cetera. 

For  every  lev  that  the  K  band  shifts,  the  Ka4/Kag  intensity  ratio  changes  by  0.09.  The  only 

aluminum  binary  compounds  which  do  not  follow  this  relationship  appear  to  be  those  of  the 
Al-Cu,  Al-Ag  and  Al-Au  systems  in  which  the  Al  K  band  becomes  split  into  two  components. 
We  have  studied  approximately  200  different  aluminum  binary  compositions  where  the  Al  K 
band  has  only  one  intensity  maximum  and  have  not  found  even  one  which  does  not  follow  the 
relationship  of  Figure  53.  Why  these  two  spectral  characteristics  should  be  closely  inter¬ 
related  is  not  obvious  to  us  because  supposedly  they  represent  two  entirely  different 
phenomena.  The  Al  K  band  arises,  of  course,  from  an  electronic  transition  between  the 
valence  band  and  the  innermost  (K)  shell  while  the  atom  is  in  the  state  of  single  K  ionization. 
The  Ka4/Kag  intensity  ratio  is  believed  to  represent  two  different  transition  probabilities 

between  the  Lg  3  and  K  inner  levels  while  the  atom  is  in  a  state  of  double  (KL)  ionization 

(Reference  26). 

The  Kag  and  Ka^  satellite  lines  not  only  display  a  change  in  their  relative  intensities  but 

they  shift  in  energy  position  as  well.  This  shift,  however,  is  quite  small  compared  to  the  shift 
in  the  K  band.  For  all  of  theAl  binary  systems  which  we  have  reported  here,  the  AIK  parent 
and  satellite  lines  shift  to  higher  energy  positions  when  going  from  pure  metal  to  an  alloy  or 
compound.  This  is  just  the  opposite  of  the  direction  of  shift  of  the  AIK  band  which  we  have 
always  observed  to  be  towards  a  lower  energy  position.  These  different  directions  of  shift 
point  out  the  different  types  of  information  which  lines  and  bands  provide.  The  shift  in  energy 
positions  of  inner  level  transitions  (such  as  the  K  lines  in  aluminum)  are  determined  by 
changes  in  the  density  of  the  valence  electrons  in  the  inner  regions  of  the  atom.  The  shape  and 
energy  position  of  the  emission  band,  on  the  other  hand,  indicates  the  character  of  the  atomic 
interaction. 
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For  atoms  which  behave  as  electron“donors”,  the  lines  due  to  inner  level  transitions  are 
shifted  to  higher  energy.  For  electron“acceptors’;  these  lines  shift  to  lower  energy.  Since, 
for  all  of  the  aluminum  compounds  reported  here,  the  AlKa  lines  shift  to  higher  energy  when 
going  from  pure  metal  to  compound,  we  can  assume  that  aluminum  is  behaving  as  a  donor  of 
electrons.  The  more  electronegative  the  second  component,  the  larger  the  shift.  This  is  just 
what  one  would  expect  to  take  place  since  electronegativity  is  defined  as  the  power  of  an  atom 
in  a  molecule  to  attract  electrons  to  itself. 

As  mentioned  above,  the  shift  of  the  A1 K  band  toward  lower  energy  indicates  that  the  nature 
of  the  interatomic  bond  is  undergoing  a  change.  In  pure  A1  metal,  for  instance,  the  bonding  is 
almost  completely  metallic  in  nature.  The  resulting  K  emission  band  is  quite  asymmetrical 
in  shape  showing  a  rather  sharp  emission  edge  with  the  intensity  maximum  at  1557. 3ev  as 
seen  in  several  of  the  figures.  Upon  alloying  aluminum  with  metals  such  as  iron,  cobalt,  nickel 
and  most  others,  the  Al  K  band  starts  becoming  more  symmetrical  in  shape  and  its  intensity 
maximum  shifts  to  a  lower  energy.  The  more  of  the  second  metal  that  is  added,  the  greater  the 
change  in  the  Al  K  band,  which  now  occupies  an  energy  position  which  is  somewhere  between 
that  obtained  from  pure  Al  and  that  obtained  from  AlgOg.  These  changes  in  shape  and  position 

appear  to  indicate  that  the  predominantly  metallic  bond  present  in  pure  Al  is  acquiring  a 
certain  amount  of  covalent-like  nature  in  the  alloys.  When  the  valence  electrons  become  so 
localized,  the  energy  of  the  valence  band  is  reduced  which  causes  the  X-ray  emission  band 
to  shift  to  a  lower  energy  position. 

If  we  combine  aluminum  with  various  non-metallic  elements  we  find  the  Al  K  band  shape  to 
remain  pretty  much  the  same  as  that  observed  from  AlgO^  (Figure  1)  but  the  energy  position 

varies  with  the  nature  of  the  second  component.  The  atoms  in  these  non-metallic  binary 
compounds  are  bonded  by  electron  sharing  but  this  sharing  is  usually  unequal.  If  the  shared 
pair  spends  more  time  near  one  of  the  atoms  than  the  other,  the  covalent  bond  takes  on  an 
ionic  ingredient.  The  more  ionic  the  bond,  which  is  just  another  way  of  saying  the  more  electro¬ 
negative  the  second  component,  the  more  the  shift  in  the  A 1  K  band.  This  is  why  we  wer? 
previousl  y  able  to  separate  the  Al  K  band  position  and  AlKa^/Ka^  intensity  ratio  from 

aluminum  compounds  according  to  whether  the  compound  was  a  conductor,  semi-conductor  or 
insulator  (Reference  5,  6,  and  18). 

In  the  case  of  alloys,  the  theoretical  foundations  underlying  band  formation  are  not  well 
understood.  One  finds  In  the  literature  allusions  to  the  “rigid  band  model”,  “common  valence 
band  model”,  and  “Friedel’s  theory”  which  all  attempt  to  explain  band  formation  in  alloys 
(Reference  1,  22).  Each  of  these  theories  assumes  either  a  correspondence  or  noncorre¬ 
spondence  of  the  emission  band  shapes  and  widths  from  each  of  the  components  in  the  binary 
alloy.  Let  is  suffice  here  to  say  that,  except  for  perhaps  the  Al-Mg  system,  we  have  not  ob¬ 
served  any  band  shape  or  band  width  correspondence  from  the  two  components  of  the  aluminum 
binary  alloy  systems  which  we  have  investigated,  apparently  indicating  that  the  common 
valence  band  model  does  not  apply. 

It  is  important  to  note  that  the  changes  in  the  Al  K  band  energy  position  and  AlKa^/Ka^ 

intensity  ratio,  for  any  of  the  binary  alloy  systems  investigated  so  far,  are  continuous  and 
smooth  throughout  the  entire  composition  range.  This  smoothness  is  present  no  matter  how 
many  crystal  structure  changes  are  encountered  in  the  system  (Figures  51  and  52). 

These  spectral  changes  which  occur  are  valuable  not  only  from  the  theoretical  viewpoint  but 
can  be  used  as  a  quantitative  analysis  tool  as  well.  One  has  the  capability  of  using  the  features 
of  the  aluminum  K  X-ray  emission  spectrum  to  identify  the  phase  or  phases  present  in  an 
aluminum  binary  alloy  and  also  determine  the  exact  composition  of  each  phase  without 


18 


AFML-TR-66-191 


requiring  the  use  of  an  internal  standard.  The  shape  and  energy  position  of  the  Al  K  band 
and  the  intensity  ratio  of  the  Ka^/Ka^  satellite  lines  are  quite  reproducible  and  once  curves 

such  as  those  shown  in  Figures  51  and  52  have  been  obtained  for  a  particular  binary  system, 
it  is  not  necessary  to  run  standards  with  each  sample  to  obtain  compositions  to  within 
±2  percent  (atomic). 
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TABLE  III 


Aluminum  and  Magnesium  Ka4/Kot3  Satellite  Line 
Intensity  Ratios  for  Al-Mg  Alloys 


Target 

A1  Ka4/Ka3 

Mg  Ka4/Ka3 

pure  metal 

0.48  ±0.01 

0.58  ±0.01 

oxide 

0.92 

1.03 

90  Al-10  Mg 

0.49 

- 

82  Al-18  Mg 

0.50 

- 

60  Al-40  Mg 

0.50 

0.64 

55  Al-45  Mg 

0.50 

0.63 

50  Al-50  Mg 

0.50 

0.63 

40  Al-60  Mg 

0.50 

0.62 

30  Al-70  Mg 

0.50 

0.62 

20  Al-80  Mg 

0.50 

0.62 

10  Al-90  Mg 

0.50 

0.60 
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TABLE  V 


COMPARISON  OF  A1  Kct^/Kc^  INTENSITY  RATIO  IN  THE 
AI-Ni  SYSTEM  USING  MACRO  AND  MICRO  AREA  EXCITATION 


Sandies 

Kct4/Ka3 

Macro  Area 

Exci tation 

Kot4/Kcx3 

Microprobe 

Pure  A1 

0.48 

0.48 

85A1-15N1  (2  phase) 

0.54 

0.50  )  A1  rich 

0.55  )  Ni  rich 

75A1-25N1 (Al3Ni) 

0.57 

0.57 

65A1-35N1  (2  phase) 

0.61 

0.60  )  A1  rich 

0.63  )  Ni  rich 

50Al-50Ni(AlNi) 

_ _ _ . _ 

0.66 

0.66 

TABLE  VI 


UNCORRECTED  NiLlII  EMISSION  BAND 
CHARACTERISTICS  IN  Al-Ni  SYSTEM 


Target 

Half  Band  Width 

Edge  Width 

Asymmetry  Index 

lOONi 

2.43  ±0.08ev 

1.73  ±0.08ev 

1.74  ±0.04 

8CN1-20A1 

2.66 

1.76 

1.72 

7-5Ni-25Al 

2.60 

1.78 

1.70 

65Ni-35Al 

2.40 

1.86 

1.60 

60Ni-40Al 

2.31 

1.93 

1.50 

50Ni-50Al 

2.34 

2.09 

1.30 

40Ni-60Al 

2.34 

2.25 

1.15 

35Ni-65Al 

2.41 

2.34 

1 .08 

25Ni-75Ai 

2.54 

2.67 

1.00 

15Ni-85Al 

2.59 

2.94 

0.98 

10Ni-90Al 


2.64 


3.14 


0.95 


UNCORRECTED  FeL  EMISSION  BAND  CHARACTERISTICS  IN  Al-Fe  SYSTEM 
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ALUMINUM  K  X-RAY  EMISSION  SPECTRA  CHARACTERISTICS  IN  THE  Al-Cu  SYSTEM 


TABLE  XII 


RELATIONSHIP  OF  A1  K  BAND  ENERGY  POSITION  AND  A1  K  a  ,/Ka.  INTENSITY 

4  3 

RATIO  TO  ELEMENTAL  SUBGROUP  OF  SECOND  COMPONENT  IN  ALUMINUM  BINARY  ALLOYS. 


Subgroup 

Alloy 

AIKS  ,  Energy  Position 

EBH3M 

1 - 

- 50Al-50Mg 

1557 . 0±0. 1  ev 

0.50±0.01 

II  A 

l_ 

50Al-50Ca 

1557.0 

0.50 

III  B 

50A1-50Y 

1556.8 

0.53 

r - 

50A1-50T1 

1556.6 

0.56 

IV  B 

50Al-50zr 

1556.6 

0.56 

1- 

50Al-50Hf 

1556.5 

0.56 

1 - 

- 50Al-50Nb 

1556.4 

0.56 

V  B 

1 - 

- 50A1-50T* 

1556.3 

0.57 

I - 

50Al-50Cr 

1556.1 

0.59 

VI  B 

1 _ 

50Al-50Mo 

1556.1 

0.59 

VII  B 

50Al-50Mri 

1556.2 

0.59 

1 - 

- 50Al-50Fe 

1555.4 

0.67 

VIII 

50A1-50CO 

1555.4 

0.67 

J _ 

50A1-50N1 

1555.3 

0.66 
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Figure  1.  Aluminum  K  Emission  Band  from  Pure  Metal  and 
Oxide  (EDDT  Crystal) 
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Figure  2.  Aluminum  K a',  Ko„  and  Ko,  Satellite  Lines  from  Pure  Metal  and  Oxide 
(EDDT  Crystal)  d  4 
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Figure  11.  Aluminum  K  Emission  Band  from  Some  Al-Ni  Alloys  (EDDT  Crystal) 
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Figure  12.  A1  K  Band  Shift  with  Alloy  Composition  in  Al-Ni  System 
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Figure  17.  Variation  in  A1  Ka^/Ka^  Intensity  Ratio  with  Alloy  Composition 
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Figure  21.  A1  K  Band  Shift  with  Alloy  Composition  in  Al-Fe  System 
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Figure  22.  Variation  in  Uncorrected  Half  Band  Width  for  A1  K 
and  FeLjjj  Bands  in  Al-Fe  System 
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Figure  23.  Change  in  Asymmetry  Constants  of  A1  K  and  FeLin  Bands  with 
Alloy  Composition  in  Al-Fe  System 
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Figure  29.  FeLm  Band  Shift  with  Alloy  Composition  in  Al-Fe  System 
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Figure  30.  Aluminum  K  Emission  Band  from  Some  Al-Cu  Alloys  (EDDT  Crystal) 
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Figure  34. 


Microprobe  Scan  Images  of  50Al-50Ag  Alloy;  (a)  Specimen  Current 
Image  ~  500X,  (b)  A1  K  X-ray  Scan,  (c)  Ag  K  X-ray  Scan 
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Figure  38.  Variation  in  AI  Ka./Ka„  Intensity  Ratio  with  Alloy  Composition  i 
Al-Cu  System 
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Figure  39.  Copper  Ljj  Emission  Band  from  Metal  and  Oxides  (NaAP  Crystal) 
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Figure  40.  Copper  Ljj  Emission  Band  from  Some  Cu-Al  Alloys  (NaAP  Crystal) 
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Figure  41.  Copper  LTT  Band  Shift  with  Alloy  Composition  in  Cu-Al  System 
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Figure  49.  Aluminum  K  Emission  Band  from  A1P,  AlAs  and  AlSb  (EDDT  Crystal) 
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of  alloy  composition  was  determined.  It  appears  from  the  data  that  the  aluminum  IC 
band  undergoes  changes  in  shape  and  energy  position  which  are  dependent  on  the 
electronic  configuration  of  the  element  with  which  the  aluminum  is  chemically  bonded.  In 
the  Al-Mg  system  the  A1  K.band  is  not  significantly  changed  for  any  composition.  On  the 
other  hand,  the  group  IB  metals  (Cu,  Ag  and  Au)  cause  the  A1  K  band  to  split  into  two 
components.  If  the  same  atomic  ratio  of  aluminum  and  another  element  is  formed  for  each 
of  the  elements  in  a  given  period  of  the  periodic  table,  it  is  found  that  the  aluminum  K 
band  becomes  lower  in  energy  and  somewhat  more  symmetrical  in  shape'  as  we  go  from 
lower  to  higher  atomic  number  in  that  period.  Elements  of  the  same  sub-group  appear  to 
have  virtually  the  same  effect  on  the  aluminum  band  but  each  different  sub-group 
apparently  has  a  different  effect.  The  overall  trend  seems  to  indicate  that  the  more 
electronegative  the  second  component  is,  the  greater  effect  it  has  on  the  aluminum 
spectrum. 
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